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Grating error compensating technique 

Field of the invention 

The present invention relates broadly to a method of reducing systematic errors in 
grating writing in tin optical waveguide, to a method foj wiiting a grating structure, to an 
5 arrangement for grating writing, and to a waveguide structuic incorporating a grating Structure. 

Background of tho invention 

In photonics technology, grating structures are wideiy used for various applications such 
as for filtering oprinal signals, redirecting portions of optical signals etc. Ay such, grating 
Structures arc incorporated in many optical devices, including e.g. in wavelength division 
10 multiplexing (WDM) multiplexers, or sensors. 

Grating structures arc typically written into photosensitive waveguides t7tilising photo- 
induced refractive index changes. In one grating writing technique., iwo coherent beams are 
brought into intcifcienec substantially within the waveguide, whereby an interference partem is 
created within the waveguide, winch iu turn is utilised to induce the refractive index changes for 

15 forming the grating structuic iu the waveguide- 
More recently, methods for writing Long grating structures iulu e.g. uplical fibres have 
been developed, in which an effect some times referred tu aj> ^running-light" effect is used to 
write long grating structures while relative movement between the waveguide and the two 
interfering beams occurs. Essentially, movement of the interference pattern in the intersection 

20 between the two coherent beams iy synchronised with the relative movement between the 
waveguide and the intersection, the movement of the interference pattern being affected tlirough 
inducing relative frequency or phase differences between the two coherent beams. 

lr has heen found that in such writing methods there may exist a significant systematic 
experimental deviation from a desired grating characteristics. While the causes for such 
25 deviations are not tnlly understood at this stage, it is believed that non uniform relative motion 
between the waveguide and the interferometer may contribute significantly to such deviations, 
e.g. non-uniform translation sTAge. motion where the waveguide is moved along the 
interferometer utilising a linear translation stage 
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In at least preferred embodiment, the present invention seeks to provide a method of 
reducing .systematic errors in grating writing in an optical waveguide. 

Summary of the invention 

In accordance with a first aspect of the present invention there is provided a method of 
^ reducing systematic errors in grating writing in an optical waveguide, the method comprising 
the steps of a J numerically designing a theoretical test grating structure for desired spectral 
characterises, h) wriring a tesi grating structure experimentally and according to the theoretical 
test grating structure design, c) measuring the aetua] spectral characteristics of the test grating 
Structure, d) reconstructing an actual design ol the test grating structure from the actual spectral 
10 Characteristics, and e) writing a compensated grating structure using a compensated design 
based on a comparison of rhp. initial numerical design with the actual design of the test grating. 

The step of reconstructing the actual design may comprise solving an inverse scattering 
problem based on the measured actual spectral characteristics. The. solving of the inverse 
scattering problem may comprise utilising a layer-peeling algorithm. 

15 The compensated grating suuctuic may be based on a different theoretical grating 

structure than the theoretical test grating structure, wLcieby compensation information gained 
from steps a) to d) can be used repeatedly for the writing of different grating sliucLurcs. 

Preferably, the comparison of the actual with the initial numerical design comprises 
subtracting deviations of the actual from the numerical design from the numerical design lu 
M) form the compensated design. Preferably, the deviations ore filtered from high frequency 
components 

Alternatively, the comparison of the actual with the initial numerical design comprises 
multiplying the theoretical test grating function with a ratio of the theoretical test grating 
function and the actual test grating function. 

^ 5 Thc step of measuring the actual spectral characteristics may comprise measuring the 

actual spectral charactei istics of the test grating from both ends thereof. 

The step of reconstructing the actual debi^n may comprise utilising different weighting 
factors for the different end reconstructions of the test fciatiufc Lu form the reconstructed actual 
design. 
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Alternatively, the step of reconstructing the actual de.«>i K n may comprise subscantially a 
half- sum of different end reconstructions of the test grating. 

Steps c) to e) may be repealed, wherein the compensated design structure takes on the 
role nf the, te.sT grating structure. The steps c) to e) may be repeated until a desired accuracy is 
achifivftfl or no further improvement in the accuracy is found. 

Preferably, the Steps of writing the tasr grating and the compensated grating comprise 
utilising an interferometer for inducing refractive index changes in the waveguide to form the 
test and the compensated grating structures. 

The waveguide may be in the form of an optical fibre or a planar waveguide. 

In accordance with a second aspect of the present invention, there is provided a method 
for writing a grating structure in an optical waveguide, the method comprising the step of 
utilising compensation information gained from conducting the steps of a) numerically 
designing a theoretical grating teat structure for desired spectral characteristics, b) writing a test 
grating structure experimentally and according to the theoretical test grating stiuctuie design, c) 
15 measuring the actual spectral characteristics of the test grating structure, d) iccunsliucting an 
actual design of the test grating structure from the actual spectral characteristics. 

The compensation information may be provided in ihe form of stored compensation data 
previously obtained for a particular grating writing arrangement. 

In accordance with a third aspe.r:r of the present invention, there is provided an 
20 arrangement for grating writing in an optical waveguide, the arrangement comprising a 
pioccsMjig means arranged, in use, to comrol rhe writing ot a grating structure based on a 
theojctical grating design and compensation data obtained tor The arrangement to compensate 
for systematic euoiv 

Preferably, the compensation data is uf a lypc obtained from conducting the steps of aj 
25 numerically designing a theoretical grating test stiuctuie fur desired spectral characteristics, h) 
writing a test grating structure experimentally and according to the theoretical test grating 
structure design, c) measuring the actual spectral characteristic uf the test grating structure, d) 
reconstructing an actuaJ design of the test giatnig siiuclure from the actual spectral 
characteristics. 
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la accordance with a fourth aspect, there is provided a waveguide strucnire incorporating 
a grating written uiiliMug Lhc methods of the first aspect or second aspect. 

Brief description of the drawings 

Preferred embodiments of the present invention will now be described, by way of 
5 example only, with reference to the accompanying drawings. 

Figure I is a schematic diagram illustrating an interferometer for writing gratings into an 
optical wavegmda 

Figures 2A to F are schematic drawings illustrating a method of reducing systematic 
errors in gracing writing in an optical waveguide, embodying the, present invention. 

10 Detailed description of the embodiments 

The preferred embodiments described provide a method of reducing iytaemalic errors in 
grating writing in an optical waveguide, utilising an open loop grating error compensation 
technique. 

In Figure 1, an interferometer 10 for writing long grating structures comprises a first 
IS acousto-optic modulator 12 being operated under an acousto-optic wave of a first frequency £2 M 
as indicated by arrow 14. An incoming light beam 16 15 incident on the acousto-optic modulator 
12 under a first order Bragg angle. The operating conditions of the acousto-optic modulator 12 
are chosen such that the modulator 12 is under-driven, whereby approximately 50% of the 
incoming beam 16 is diffracted into a first order beam 18, and 50% passes through the acousto- 
20 optic mortularor 17 as un-diffracted beam 20. The un-diffracted beam 20 is incident on a second 
aconsto-oprir modulator 22 of the interferometer 10 under a first order Bragg angle, whereas the 
beam 1H is not. Accordingly, the beam 18 passes through the second acousto optic modulator 
22 without any significant loss. 

The second acousto-optic modulator 22 is operated under an acousto-optic wave of a 
25 frequency Q 2 , which propagates in a direction opposed to the direction of the acousto-optic 
wave in the first modulator 12, as indicated hy arrow 24. After the second acousto-optic 
modulator the first order diffracted beam 'in and the beam 18 are frequency shifted in the same 
direction (e.g. higher frequency), bur hy different amounts, ie Q, versus Q,. 


The beams 18, 26 are then brought to interference utilising an optical lens 28, and the 
icbuliaai interference (m numeral 30) induces refractive index changes in a photosensitive 
upticai fibril 32, whereby a refractive index profile, ie grating structure, is created in the optical 
fibre 32. 

5 In the set-up illustrated in Figure 1, the optical fibie 32 h Umiblalcd alung the 

interferometer 10 at n speed chosen such that a long grating structure can be written, utilising a 
moving interference pattern which is being created as a result of the modulation of beams IS, 
26. The ypeed of translation of the optical fibre 32 is matched to the '"speed" of the interference 
pattern change, whereby a continuous grating structure can be written into optical fibre 32. This 
10 technique is sometimes referred to as the "running light" effect. 

1 he velocity of the interference pattern change is given by: 

V = A (S2 2 - H,)/ 77T, 

when A is rhe period of the interference pattern, which in turn depends inter alia on the 
angle between the interfering beams IS, 26 at numeral 30. 

15 In Figures 2A to F. a method of reducing the systematic arrow in grating writing 

embodying the present invention is illustrated, and will now be described. 

Turning initially tu Figure 2A, a desired transmission characteristic 50 and a desired 
group delay characteristic 52 form the basis fui designing numerically a theoretical design 
function, which may be defined as Tqi(z) amplitude, <J) t (2)-phase] at numeral 54. The 
20 numerically designing in the exemplary embodiment involves solving an inverse scattering 
problem based on the desired reflection characteristic 50 and the desired group delay 
characteristic 52. 

Subsequently, illustrated in Figure 2B, a grating is written into an optical fibic 56 based 
on the theoretical design function at numeral 54, utilising an interferometer 58, e.g. an 
25 interferometer Similar to the one described above with reference to Figure 1. 

A tier the writing of the test grating 60, the experimental transmission characteristics 61 
and group delay characteristics (group delay ripple shown at numeral 63) of the written test 
grating hO are measured, as illustrated in Figure 2C. The reflection and group delay 
characTeristics of The actual test grating 60 are measured from both ends, utilising a known 
30 grating characteristics measurement device 62. For both end measurements, the actual grating 


design of the test grating 60 is reconstructed by solving an inverse scattering problem utilising a 
so-called layer-peeling algorithm. Ideally, the ivvo reconstructions (obtained from the two end 
measurements) shuuld coincide, however experimentally they do not coincide completely due to 
c.#. cuois iu tUc mcabujcjucnts and acLUinulaii vc layci-pcclinn al^urithni-induccd numerical 

5 error. Generally, it has been found by the applicant that reconstruction is more accurate closer 
to the end at which the corresponding measurements weie taken. Thetefoic, in a piefcncd 
embodiment a combined reconstruction utilises appropriately chosen weighting functions for 
the different end reconstructions multiplied by appropriately chosen weighting functions. . 
Alternatively, a half-sum of the different end reconstructions is utilised as the combined 

10 reconstruction. As a result, a reconstructed actual design function [q r (z), W z )] at numeral 64 is 
obtaincd- 

Tn the next step illustrated in Figure 2D, a compensated design function at numeral 66 is 
formed bayed on the initial theoretical design function at numeral 54, and the reconstructed 
actual design function at numeral 64. The compensated grating design function at numeral 66 

15 in the preferred embodiment is obtained by subtracting deviations between the initial theoretical 
design function at numeral 5A and the reconstructed actual design function at numeral 64, from 
the initial theoretical design function at numeral 54, Alternatively, the theoretical design 
function at numeral 54 is multiplied by the ratio of the theoretical design function at numeral 54 
and the reconstructed actual design function at numeral 64. Al&o, in the preferred embodiments 

20 the deviation function is filtered from high frequency components. 

Next, the compensated design function at numeral hb m utilised to write, a compensated 
grating into another optical fihre 68, utilising rho, same inTerfernmeirpr *>8, a< illnsrrared in Figure 
2E. 

As illustrated in Figure 2F, the compensated grating 70 is then measured, In the 
25 exemplar embodiment a^ain from buih ends utilising the device 62 to determine the 
experimental transmission characteristics 71 aud ^iuup delay characteristics (yroup delay ripple 
shown at numeral 73) of the compensated £iatin>d sUuctuic 70 in the optical fibre 68. 

The method steps illustrated in Figures 2D to 2F may be repeated, with the compensated 
grating 70 now playing the role of ti new test grating until either a desired accuracy is achieved 
30 or iterations stop to improve the actual spectral characteristics. In such embodiments, the 
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corrections of all iterations are preferably considered in forming the compensated design 
function. 

It will be appreciated by the person skilled in the an Lhat numerous modification and/or 
variations may be made to the present invention as shown in the specific embodiments without 
departing from the spirit or scope of the invention as broadly described. The present 
embodiments are, therefore, to be considered in ail respects to be dlusu alive and not restrictive. 

For example, it will be appreciated that the present invention can be implemented in a 
manner snr.h rhnt the compensation information gained ir, repeatedly utilised for a particular 
wriring apparatus, e.g. by storing the compensation information in a processing device 
associated wirh the. apparatus. In such embodiments, a theoretical design function may be 
automatically compensated to form the corresponding compensated design functions, cither 
prior to or during the writing of the compensated grating. Thus, each apparatus may only be 
"mapped" once and the information n^ed repeatedly. 

In ihc claims that follow and in the summary of the invention, except where the context 
requires otheiwi^c due to express language or necessary implication the word "comprising" is 
used in the bcnsc of "including", i.e. the features specified may hp. associated with further 
features in various embodiments of the invention. 


